The well-ordered aluminum oxide film formed by oxidation of the NiAl(110) surface is the most intensely studied metal surface oxide, but its structure was previously unknown. We determined the structure by extensive ab initio modeling and scanning tunneling microscopy experiments. Because the topmost aluminum atoms are pyramidally and tetrahedrally coordinated, the surface is different from all Al 2 O 3 bulk phases. The film is a wide-gap insulator, although the overall stoichiometry of the film is not Al 2 O 3 but Al 10 O 13 . We propose that the same building blocks can be found on the surfaces of bulk oxides, such as the reduced corundum (0001) surface.
The detailed study of oxide surfaces is often hampered because many surface-sensitive techniques cannot be applied to bulk oxides, which are almost perfect insulators and are therefore difficult to examine with methods involving charged particles (electrons and ions). Ultrathin oxide films, which are thin enough to avoid charge accumulation, represent an elegant solution to this problem and are now widely used as microscopic model systems. Furthermore, ultrathin oxides are technologically important; their uses range from protective films against corrosion and mechanical wear to insulating films in semiconductor devices. It is thus not unexpected that ultrathin oxides are fascinating researchers worldwide (1) (2) (3) (4) (5) (6) (7) (8) (9) .
The ultrathin alumina film formed by oxidation of NiAl(110) is widely used as a model system for technologically important oxide-supported catalysts. Despite enormous effort, its structure has remained unresolved (10) (11) (12) (13) (14) (15) , impeding progress in detailed understanding of the influence of the oxide support on the catalytic reactivity. A surface x-ray diffraction (XRD) study recently presented a structural model for this surface (16) . However, this structure has two bonds with unphysically short lengths (Al-Al, 2.08 ); Al-O, 1.51 )) and was revealed to be unstable in our ab initio calculations. Here, we combine atomistic information gained by scanning tunneling microscopy (STM) with ab initio density functional theory (DFT) to produce a structural model, which differs considerably from all previous models based on Al 2 O 3 bulk structures. Al 2 O 3 commonly crystallizes in the corundum structure (sapphire), adopted by many other trivalent metals as well. In this crystal structure, O atoms are arranged in hexagonal close-packed planes, and the Al atoms occupy two out of three octahedral interstitial sites between the oxygen planes, forming a buckled honeycomb lattice. In the other bulk alumina structures, such as g and k alumina, metal atoms are found in octahedral and tetrahedral sites between the close-packed O layers. On the basis of the bulk materials, we would therefore expect that thin films involve hexagonal O planes and octahedrally and tetrahedrally coordinated metal atoms with an overall Al 2 O 3 stoichiometry (17, 18) .
However, this simple assumption is invalidated by the room-temperature STM measurements (Fig. 1C) (19) . We observed square features on the surface (marked by green rectangles and squares). We explain them by a square arrangement of oxygen atoms, as shown in the final model ( Fig. 1A and table S1). The stacking sequence and stoichiometry of the film is 4(Al 4 O 6 Al 6 O 7 ) and thus also deviates from the commonly assumed Al 2 O 3 stoichiometry (10, 16, 17) . The oxide unit cell covers 16 NiAl surface unit cells and is commensurate to the substrate in the direction of the yellow diagonal of the unit cell (Brow matching[) (10) (11) (12) . In the second direction, the film is incommensurate, which necessitates some approximation in the modeling. We chose a parallelogram-shaped supercell with two oxide unit cells placed onto 33 NiAl unit cells to model the interface (19) . The positions of the 28 O atoms in the surface layer (O s ) are determined by the room-temperature STM images. Almost coplanar with these O atoms, 24 Al surface atoms (Al s ) are arranged in a nearly hexagonal pattern that fits the 24 bright protrusions observed in low-temperature STM images under certain tunneling conditions ( Fig. 1E) (14, 20) . The surface atoms not only have twofold rotational symmetry but their arrangement also exhibits glide planes (dotted lines in Fig. 1A ). Because glide planes imply a rectangular cell (p2gg plane-group symmetry), the symmetry of the cell explains why it is almost perfectly rectangular in spite of its oblique orientation with respect to the substrate.
To determine the structure of the subsurface layers not accessible by STM, we used extensive ab initio modeling. We started with smaller systems well-suited to identify general aspects and possible building blocks. The knowledge gained with these systems enabled us to tackle larger supercells, with the final model ( Fig. 1A) consisting of a total of 712 atoms. The initial model systems were based on previous experiments (14, 16) with two hexagonally arranged O layers and Al atoms sandwiched in between the O layers and between the oxide and the NiAl surface (i.e., NiAl-Al hex -O hex -Al hex -O hex ). The inplane packing density of O and Al atoms was chosen to be 24/16 0 1.5 atoms per NiAl unit cell. To determine the most favorable stoichiometry, Al atoms were subsequently removed from the Al layers, and each model was subjected to simulated annealing, in order to determine the global energy minimum for this particular stoichiometry (19) . The stability of each structure was assessed by calculating the change of the surface energy Dg in the grand canonical ensemble We found that the number of Al atoms at the interface is identical to the number of NiAl unit cells, with a strong preference for the Al atoms to be located above the Ni rows, and that the number of Al atoms in the surface layer is identical to the number of O atoms in each layer. The most stable model determined by this search is shown in Fig. 2A . Compared with the O density in the experimental STM image (Fig. 1C ), this model still lacks two surface O atoms, but two voids for these extra O atoms can be spotted in the topmost layer (white circles in Fig. 2A ). After adding the additional O atoms and subjecting the model to finite-temperature molecular dynamics, a structure evolves ( Fig. 2B ) that has square and triangular features similar to those observed in the experimental STM image but that lacks the proper long-range periodicity.
The building blocks (DFT) and the positions of the O s and Al s atoms (STM) are unambiguously determined, as well as the position of the second layer O atoms (O i ), which the DFT model suggests to be located below the Al s atoms (dark red and blue balls in Fig. 2B ). Thus, in the final structure, all Al s atoms are either tetrahedrally or pyramidally coordinated, with the O tip of the tetrahedron and quadratic pyramids pointing toward the substrate (Fig. 1, A and F) . These building blocks are responsible for the triangular and square features in the STM images. Considering the many bulk oxide structures with hexagonally close-packed oxygen layers, the existence of square pyramids is at first sight unexpected and has not been considered in previous experimental studies of alumina surfaces. The pyramids can be understood, however, as truncated octahedra; notably, O octahedra with a central metal atom are the most important building blocks of metal oxides.
The positions of the interfacial aluminum atoms (Al i ) were finally determined by placing one Al atom above each Ni atom and subsequent annealing, also allowing for a rearrangement of other atoms in the oxide. This process yields a space-filling arrangement of the Al i atoms in pentagon-heptagon pairs (blue lines in Fig. 1, A to D) . The reason for this particular arrangement is the preferred chemical short-range order; Al atoms prefer Ni neighbors. In corundum, however, the Al atoms are arranged in a honeycomb lattice, which would result in an unfavorably high number of Al-Al neighbors at the interface. The pentagon-heptagon pairs, which are common defects in honeycomb structures, can be considered an ordered Bdefect[ arrangement that allows a decrease in the interface energy. As a result, five rows of Al i atoms match onto five Ni rows running approximately perpendicular to the yellow diagonal in Fig. 1A . This explains the experimentally observed row matching in the E110^direction. The O s atoms above the Al i atoms become brighter in the STM images at larger bias voltages (20) . Figure 1D therefore shows that the interface structure has been correctly determined.
A further important property of the Al i atoms is that they bind by means of the p z orbital and one of their electrons to the underlying Ni row. The two remaining Al valence electrons are involved in anchoring the oxide film. Thus, in spite of the unusual stoichiometry, 4(Al þ2
, the formal ionicities multiplied by the number of ions sum to zero. The calculations also show a wide electronic gap in agreement with the experimental observation that the film is insulating ( fig. S1 ). Finally, we note that among all the systems considered, our model results in the lowest surface energy. The structure previously suggested by Stierle et al. (16) undergoes massive changes upon relaxation with DFT, and even after relaxation, the surface energy per NiAl(110) unit cell remains about 2.5 eV less favorable than for the present model.
As a further confirmation of the structural model, we calculated the binding energies of the O 1s and Al 2p core electrons and, when we compared them with experimental data (10), found excellent agreement. However, a more convincing validation is supplied by the measured high-resolution electron energy-loss spectrum (13) shown alongside the simulated spectrum in Fig. 3 . The simulated vibrational spectrum shows a slight redshift of approximately 10 to 20 cm j1 , which is most likely related to the density functional approximation. Otherwise, the positions of the peaks as well as the intensity distribution are in excellent agreement with experiment. Considering that we did not perform a structural refinement, we also found good agreement with the published XRD data (16) (supporting online material text, figs. S2 and S3). With 12 Al s atoms in pyramids and 12 in tetrahedra and the nonhexagonal oxygen layer, the film is neither related to bulk corundum nor to bulk g or k alumina. This result shows that extrapolation from bulk materials to thin films, even if supplemented by chemical intuition, is often insufficient for the correct determination of complex structures. However, by applying the experiment and theory in a closely coupled manner, very complex structureshere, 92 atoms in the unit cell-can be solved unambiguously.
Finally, the structure of the ultrathin alumina film on NiAl(110) will provide a good starting point for understanding the structures of other oxide surfaces, especially those of Al 2 O 3 . For instance, the average Al-Al inplane distance in the surface layer of the complex ffiffiffiffiffi 31 p Â ffiffiffiffiffi 31 p surface reconstruction of corundum (0001) is 3.03 ) (22, 23), exactly the same value as in the first Al layer of the ultrathin oxide on NiAl(110). This similarity suggests that the reduced corundum surface is built in a manner similar to the current structure, with exactly the same structural elements, resulting in an oxygen layer with square and hexagonal arrangements at the top and a distorted hexagonal Al layer slightly below. edge] show the O s atoms as protrusions. At larger tip-surface distances, O s atoms with Al i atoms below become progressively brighter, because the tails of the NiAl states can more easily penetrate into the vacuum through the Al i atoms. This is in agreement with the experimental observation that only these O s atoms are visible for larger bias voltages, where the tip-surface distance is relatively large. Obtaining atomic resolution in the low-temperature STM at moderately high tunneling voltages as well as the appearance of the STM images in (14) indicate that the contrast observed in the low-temperature images is not due to simple LDOS but rather due to an adsorbate at the tip interacting with the surface Al atoms, similar to the process discussed for chemical contrast on alloys (24 Self-assembly is an effective strategy for the creation of periodic structures at the nanoscale. However, because microelectronic devices use free-form design principles, the insertion point of self-assembling materials into existing nanomanufacturing processes is unclear. We directed ternary blends of diblock copolymers and homopolymers that naturally form periodic arrays to assemble into nonregular device-oriented structures on chemically nanopatterned substrates. Redistribution of homopolymer facilitates the defect-free assembly in locations where the domain dimensions deviate substantially from those formed in the bulk. The ability to pattern nonregular structures using selfassembling materials creates new opportunities for nanoscale manufacturing.
One of the challenges in nanofabrication is the integration of self-assembling materials into existing manufacturing strategies to achieve molecular-level process control and the ability to produce useful architectures. Previous reports of block copolymer lithography described an inexpensive, parallel, and scalable technique for patterning dense periodic arrays of nanostructures (1) that are suited for a number of applications such as nanowires (2, 3), quantum dots (1, 4) , magnetic storage media (5), flash memory devices (6), pho-tonic crystals (7) , and silicon capacitors (8) . Diblock copolymers consist of two chemically connected polymer chains. Because of their different properties, the chain segments tend to spontaneously form ordered nanostructures, including spheres, cylinders, and lamellae, whose shape and dimensions depend on the molecular weight and composition of the polymer (9) . Block copolymer lithography refers to the use of these ordered structures in the form of thin films as patterning templates.
Varying degrees of long-range order and sub-strate registration of the periodic arrays are achieved by using strategies such as electric fields (2, 10), chemically (11-13) and topographically (14-16) patterned substrates, and shear (17) . We demonstrate that, by directing the assembly of blends of block copolymers and homopolymers on chemically nanopatterned substrates, it is possible to pattern nonregular-shaped structures aided by a nonuniform distribution of homopolymers across the patterns. The technological implication of this approach is that the fine control of structure dimensions afforded by self-assembling block copolymer materials may be harnessed for applications such as the production of nanoelectronic devices that require patterns more complex than simple periodic arrays. Current commercial lithographic processes can generate patterns with perfection over macroscopic areas and with dimensional control of features, registration, and overlay within exacting tolerances and margins. In the past decade, considerable resources have been
